Background: Kidney transplantation (KT) candidates often present with multiple comorbidities. These patients also have a substantial burden of frailty, which is also associated with increased mortality. However, it is unknown if frailty is merely a surrogate for comorbidity, itself an independent domain of risk, or if frailty and comorbidity have differential effects. Better understanding the interplay between these 2 constructs will improve clinical decision making in KT candidates. Objective: To test whether comorbidity is equally associated with waitlist mortality among frail and nonfrail KT candidates and to test whether measuring both comorbidity burden and frailty improves mortality risk prediction. Methods: We studied 2,086 candidates on the KT waitlist (November 2009 -October 2017) in a multicenter cohort study, in whom frailty and comorbidity were measured at evaluation. We quantified the association between Charlson comorbidity index (CCI) adapted for end-stage renal disease and waitlist mortality using an adjusted Cox proportional hazards model and tested whether this association differed between frail and nonfrail candidates. Results: At evaluation, 18.1% of KT candidates were frail and 51% had a high comorbidity burden (CCI score ≥2). Candidates with a high comorbidity burden were at 1.38-fold (95% CI 1.01-1.89) increased risk of waitlist mortality. However, this association differed by frailty status (p for interaction = 0.01): among nonfrail candidates, a high comorbidity burden was associated with a 1.66-fold (95% CI 1.17-2.35) increased mortality risk; among frail candidates, here was no statistically significant association (HR 0.75,. Adding this interaction between comorbidity and frailty to a mortality risk estimation model significantly improved prediction, increasing the c-statistic from 0.640 to 0.656 (p < 0.001). Conclusions: Nonfrail candidates with a high comorbidity burden at KT evaluation have an increased risk of waitlist mortality. Importantly, comorbidity is less of a concern in already high-risk patients who are frail.
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Introduction
Patients with end-stage renal disease (ESRD) often present with multiple comorbidities, which influence the progression of their ESRD, as well as survival [1, 2] . Assessment of comorbidities is particularly important among ESRD patients who are being evaluated for kidney transplantation (KT) and often summarized through comorbidity indices such as the Charlson comorbidity index (CCI), which has been adapted for patients with ESRD [3, 4] . A higher burden of pre-KT comorbidities is associated with increased risk of post-KT mortality [5] and surgical complications [6] [7] [8] . Therefore, it is likely that a high comorbidity burden is also associated with waitlist mortality among KT candidates; a better understanding of this association may help improve the selection of KT candidates [7, 8] .
Frailty, a phenotype of decreased physiologic reserve resulting in vulnerability to stressors [9] [10] [11] , was originally identified in community-dwelling older adults [9] and is associated with mortality and adverse outcomes [9, 10, 12, 13] . Frailty is often incorrectly viewed as a surrogate for comorbidity [14] ; however, they are 2 clearly differentiated phenotypes [15] . Frailty is a syndrome resulting from age-related physiologic changes (primary frailty) but can also arise secondary to chronic diseases (secondary frailty). In ESRD patients of all ages, frailty is common and an independent risk factor for mortality [16] [17] [18] . In this population, in which there is a high burden of comorbidity, it is unknown if frailty is merely a surrogate for comorbidity or whether they capture unique domains of risk. The differential effects of comorbidity on waitlist mortality between frail and nonfrail candidates are unclear but likely given the differential effects of frailty among hemodialysis patients by obesity status [19] and among KT recipients by depressive symptoms [20] .
The main goals of this study were to (1) ascertain the burden of comorbidity using the CCI among frail and nonfrail KT candidates and (2) test whether comorbidity was associated with waitlist mortality in both frail and nonfrail KT candidates. In addition to quantifying the differential impact of the comorbidity burden on waitlist mortality between frail and nonfrail KT candidates, we estimated the improvement in waitlist mortality risk prediction provided by comorbidity and frailty.
Materials and Methods

Study Design
This was a prospective, multicenter, longitudinal cohort study of 2,086 adult patients (aged 18 and older) who were evaluated for KT and listed at Johns Hopkins Hospital, Baltimore, MA, USA, between November 2009 and October 2017 (n = 1,986) and the University of Michigan, Ann Arbor, MI, USA, between January 2015 and April 2016 (n = 100). In this study, we measured frailty at the time of KT evaluation, as described below. Additional participant characteristics, including comorbidity (as described below), were also assessed at this time or abstracted from the KT evaluation medical record (cause of ESRD, blood type, time on dialysis, type of dialysis, and previous transplant). Demographics (age, gender, and race) were obtained by participant self-report, and body mass index (BMI) was calculated from self-reported height and dry weight. The Johns Hopkins Institutional Review Board and the University of Michigan Institutional Review Board approved the study, and all participants provided written informed consent. This research is in adherence with the Declaration of Helsinki and the Declaration of Istanbul.
Comorbidity Burden
Comorbidities from the ESRD-specific CCI [4] , a validated index that takes into account both the number and seriousness of comorbid disease in patients with ESRD, were ascertained from medical records and/or self-reporting a history of cardiovascular disease (myocardial infarction, congestive heart failure), peripheral vascular disease, cerebral vascular disease, dementia, chronic lung disease, rheumatologic disorders, peptic ulcer, diabetes with (ESRD secondary to diabetes, patients with diabetic neuropathy, or diabetic retinopathy) or without complications, moderate or severe liver disease, metastatic cancer, leukemia, lymphoma, and HIV. We calculated the CCI as has been previously described [4] . We defined high comorbidity burden as a CCI score of 2 or more and low comorbidity burden as a score of 0 or 1.
Frailty Measurement
At evaluation for KT, frailty was measured as defined and validated by Fried et al. [9] among a population of community-dwelling older adults, as well as by our group in ESRD and KT populations [16] [17] [18] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Frailty is a phenotype based on 5 components: shrinking (self-report of unintentional weight loss of more than 10 pounds in the past year based on dry weight), weakness (grip strength below an established cutoff based on gender and BMI), exhaustion (self-report), low activity (kilocalories per week below an established cutoff), and slowness (walking time of 15 feet below an established cutoff by gender and height) [9] . Each of the 5 components was scored as 0 or 1 representing the absence or presence of that component. The aggregate frailty score was calculated as the sum of the component scores (range 0-5). Nonfrail patients were defined as a score of 0, intermediate frailty patients were defined as a score of 1 or 2, and frail patients were defined as a score of 3 or higher.
Waitlist Mortality
All participants were evaluated for KT and on the KT waitlist at Johns Hopkins University and University of Michigan. Participants were followed from the date of listing (index date) to December 1, 2017, when they were administratively censored. We censored participants who received KT, as is standard in the SRTR models for waitlist mortality (33) . Mortality ascertainment was augmented with linkage to the Social Security Death Master File. 
Statistical Analysis
We quantified the risk of waitlist mortality associated with a 1-point increase in the CCI score using Cox proportional hazards models; participants were followed from the date of listing to transplantation, death, or administrative censoring (December 1, 2017). For all models, we adjusted for factors included in the registry-based model (age, race, sex, blood type, and cause of ESRD). Then we tested whether this measure of comorbidity had a differential association with waitlist mortality between frail and nonfrail candidates by including an interaction term between CCI and frailty; statistical significance was estimated using a Wald test and a cutoff of α < 0.05. We used a similar approach defining a dichotomous indicator of high comorbidity burden (score of 2 or higher on the CCI).
We then calculated discrimination ability of the registry-based waitlist mortality model using Harrell's c-statistic, a measure of concordance indicating the model ability to discriminate between candidates with different times until death [32] . The c-statistic ranges from 0.5 (no discrimination) to 1.0 (perfect discrimination), and higher values indicate that the model more accurately predicts which patients will have longer survival. We then added the CCI score and high comorbidity burden as well as the synergistic effects of these with frailty and older age (age ≥65 years) separately to the registry-based waitlist mortality model and calculated the c-statistic for each model.
Results
Study Population
Among 2,086 KT candidates, the mean age was 53.8 years old (SD 13.5), 40.1% were female, 44.0% were African American, 45.9% were obese (BMI > 30 kg/m 2 ), and 18.1% were frail at the time of KT evaluation. Additionally, 46.9% of participants were on hemodialysis, and 40.8% had not initiated renal replacement therapy.
Comorbidity Burden among KT Candidates
At the time of KT evaluation, the median CCI score was 2 (interquartile range [IQR] 0-3); 51% of the population had 2 or more comorbidities. The most common comorbid conditions from the CCI were diabetes (38.6%), diabetes with complications (25.2%), and congestive heart failure (14.4%).
KT candidates with a high comorbidity burden were more likely to be older (age ≥65 years) than candidates without a high comorbidity burden at the time of KT evaluation (28.5 vs. 19.0%; p < 0.001; 11.5%; p < 0.001). In addition, KT candidates with a high comorbidity burden were more likely to be undergoing hemodialysis (51.1 vs. 42.7%; p = 0.002). However, those with comorbidity had less time on dialysis (1.5 vs. 1.3 years; p = 0.04).
Frailty and Comorbidity Burden
There was some but not complete overlap of frailty, ADL disability, and a high comorbidity burden at the time of KT evaluation (Fig. 1) . Among the KT candidates, 37.5% had a high comorbidity burden but were nonfrail and did not have ADL disability, while 41.8% had a low comorbidity burden, were nonfrail, and had no ADL disability. Only 1.2% had all 3 conditions present at time of KT evaluation.
Frail KT candidates had a greater burden of comorbidities (Table 2) ; the median CCI score was 2 (IQR 0-4) for those who were frail compared to 0 for those who were nonfrail (IQR 0-2; p < 0.001). 
Comorbidity Burden and Risk of Waitlist Mortality
KT candidates with a high comorbidity burden had a greater risk of waitlist mortality compared to those with a low comorbidity burden (log rank p < 0.001; Fig. 2 ). Compared to KT candidates with a low comorbidity burden, those with a high comorbidity burden had 1.38 times the risk of waitlist mortality after adjusting for factors included in the registry-based model (95% CI 1.01-1.89; Table 3 ). Similarly, each one-point increase in CCI score was associated with a 1.08 times increased risk of mortality after adjustment (95% CI 1.03-1.13).
Comorbidity Burden and Risk of Waitlist Mortality, by Frailty Status
The risk of waitlist mortality associated with comorbidity burden differed by frailty status after adjusting for factors included in the registry-based model (p = 0.01; Table 3). Among nonfrail KT candidates, a high comorbidity burden was associated with a 1.66 times (95% CI 1.17-2.35) greater risk of waitlist mortality. In contrast, among frail candidates, high comorbidity burden was not associated with waitlist mortality (HR 0.75, 95% CI 0.44-1.29).
Comorbidity Burden and the Risk of Waitlist Mortality, by Candidate Age
Furthermore, the risk of waitlist mortality associated with comorbidity burden differed by candidate age after adjusting for factors included in the registry-based model (p = 0.04). In younger KT candidates (age < 65 years), a high comorbidity burden was associated with a 1.75 times (95% CI 1.22-2.52) increased risk of waitlist mortality as compared to younger KT candidates without a high comorbidity burden. In contrast, among older KT candidates (age ≥65 years), a high comorbidity burden was not associated with waitlist mortality (HR 0.97, 95% CI 0.60-1.56).
Improved Waitlist Mortality Risk Prediction
The c-statistic for the registry-based model was 0.640. Adding the CCI score to the registry-based model increased the c-statistic to 0.657 (p = 0.02). Additionally, adding the synergistic effects of frailty and high comorbidity burden to the registry-based model for waitlist mortality, the c-statistic improved to 0.656 (p < 0.001); however, adding the synergistic effects of older age and high comorbidity burden did not improve prediction of waitlist mortality (p = 0.873). Table 3 . CCI and risk of mortality, by frailty, age, race and Gender among KT Candidates (n = 2,086). The CCI is modified for ESRD patients and we defined a high comorbidity burden as a CCI score of ≥2 and low comorbidity burden as a CCI score of 0 or 1 
Discussion
In this multicenter prospective, longitudinal study of 2,086 KT candidates, 51% of the cohort had a high burden of comorbidity, and it was more common among frail and intermediately frail KT candidates. The most common comorbidities were diabetes and congestive heart failure. There was a synergistic effect of frailty and a high comorbidity burden as well as older age and comorbidity on waitlist mortality such that a high comorbidity burden was only associated with waitlist mortality among candidates who were not frail and candidates who were younger. Furthermore, adding the synergistic effect of frailty and comorbidity, but not age and comorbidity, to the waitlist mortality model improved risk predication.
Our findings on the burden of comorbidity are consistent with previous studies of comorbidity in KT recipients in which 45% [8] to 47% [33] have a comorbidity, and we have extended these findings to a novel population of KT candidates. However, our results are higher than the previously reported 29% [5] found in one other study of KT candidates. These differences are expected as each study used different thresholds to define comorbidity and not all KT candidates go on to receive KT due to a high waitlist mortality or progressive disease. We extended the previous findings on an increased risk of the association between CCI score and mortality in patients undergoing dialysis [34, 35] and KT recipients [5, 8] to KT candidates. Only one study of a cohort of KT candidates from Andalusia, Spain (1984-2012) investigated the risk of waitlist mortality associated with CCI and found that a CCI of 3 or higher was associated with a 2.8-fold increased risk of waitlist mortality [36] . Importantly, we have expanded this research to a more racially diverse population of KT recipients in the United States and further explored the association between comorbidity and frailty.
Furthermore, our findings extend the growing body of research on frailty among KT candidates and recipient to show that frailty is distinct from disability in this population [16-18, 21-28, 30, 31] by showing that among frail KT candidates, a high comorbidity burden is not associated with waitlist mortality. However, among nonfrail candidates, a high comorbidity burden is. These findings are consistent with the conceptual model for frailty in which this phenotype can result from comorbidity but also exist in the absence of comorbidity. A possible explanation is that, in frail waitlist patients, frailty itself is a greater risk factor for mortality than the presence of other comorbid conditions, which may mean that frail patients may be further along in their disease progression and physiologic aging, as is suggested by studies of older adults with other comorbidities [37, 38] . These results are supported by our finding and previously published results [6] suggesting that comorbidity was associated with waitlist mortality among younger, but not older, KT candidates. Finally, our findings suggest that measuring both frailty and comorbidity are important for improved risk prediction; we found that adding the synergistic effects of frailty and high comorbidity burden to the registry-based model for waitlist mortality, significantly improved the c-statistic from 0.640 to 0.656 (p < 0.001).
Strengths of this study included the comprehensive ascertainment of comorbidity and the prospective measurement of a validated, objective frailty instrument. Moreover, the study included 2,086 KT candidates of all ages, not just older adults and had long mean follow-up. Additionally, we were able to demonstrate statistically significant improvements in risk prediction by adding the synergistic effect of frailty and comorbidity to the registry model for waitlist mortality. The main limitation was that only 2 centers were included; however, the 2 centers are located in different regions and have different case mixes with respect to age and race.
In conclusion, in this prospective cohort study, KT candidates of all ages had a high comorbidity burden. Although comorbidity burden was associated with waitlist mortality, this risk was specific to nonfrail KT candidates. In fact, including both comorbidity and frailty in the national registry model significantly improved mortality risk prediction. While there was a synergistic effect of age and comorbidity on waitlist mortality, these factors did not improve mortality risk prediction. These results are important for clinicians to consider, as this study identifies vulnerable KT candidates who could benefit from targeted interventions such as prehabilitation to prevent waitlist mortality.
